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Abstract  
Nature has always been a source of inspiration for humankind. Since early years people 
used to observe and study nature in order to find answers and solutions to several of 
their daily problems. The practice of imitating the models, systems, and elements of 
nature in order to solve problems of our daily life is called Biomimicry or Biomimetics 
(Benyus, 1997). 
The objective of this study is to describe the way nature can act as a source of 
inspiration for the design and development of a product and furthermore to suggest a 
methodology for the optimization of the product regarding its environmental impact, by 
selecting the appropriate materials and production methods. 
Within this context, the issues to be tackled in this thesis will be:  
• Nature as a source of inspiration, creativity and innovation in product design. 
• Material and production methods selection. 
• Sustainable development and environmental impact assessment. 
• Validation of the proposed methodology with the aid of special computerized 
tools and techniques. 
The softwares utilized for the implementation of this endeavor are: 
• Solidworks 3D CAD system for the design of the product, the engineering 
analysis and the environmental impact assessment. 
• CES EduPack for the selection of the materials. 
For the attainment of these project goals, the following steps were followed:   
1. Research conduction for pinpointing and understanding a biological system 
that will provide the solution in our case.  
2. Analysis of the system in terms of geometry and function.  
3. Definition of the problem and the design requirements. 
4. Deployment of the design procedure adaptating the geometric features of this 
system in our product development. 
5. Material analysis for investigating materials appropriate for the requirements 
and objectives of our product. 
6. Engineering analysis for the assurance of the appropriateness of the materials’ 
mechanical properties. 
7. Optimization of the product through sustainability analysis by selecting the 
most appropriate materials and manufacturing processes with the lower 
environmental impact. 
The product that was developed for the purpose of this study is a garden chaise lounge 
that imitates the form of a scorpion. 
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Chapter 1 - Introduction  
1.1  General overview 
Nature is an inexhaustible source of inspiration. Since their existence, people used to 
observe and study nature in order to find solutions to several of their daily problems. 
This practice of imitating the models, systems, and elements of nature in order to solve 
complex human problems is known as Biomimicry or Biomimetics (Benyus, 1997). 
As a term, Biomimicry became popular in 1997 by scientist and author Janine Benyus, 
who managed to combine biology and engineering as an integral part for sustainable 
development and set the 3 major aspects of nature as "Model, Measure, and Mentor" 
(Benyus, 1997). The terms biomimetics and biomimicry derive from the Greek words 
bios, meaning life, and mimesis, meaning to imitate.  
Despite the fact that biomimicry has actually a history of millions of years, namely 
during the whole timeline of human evolution, it was not until recent years that it has 
begun to be approached in a systematic way and with a more intense interest in an 
attempt for more sustainable and green products. Furthermore, there have even been 
efforts for special databases to been built for this purpose. The AskNature online 
library (www.asknature.org/) for example is a characteristic attempt of the Biomimicry 
Institute (http://www.biomimicry.net/) to provide an organized database of biological 
design strategies and systems indexed by function. 
There are countless examples of bio-inspiration in various and diverse fields, especially 
in engineering and architecture, based on both faunal and floral systems. Some of the 
most notable and indicative that witness this fact are described in the following 
subunits. 
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1.2  Examples of Biomimicry 
1.2.1  Velcro 
Velcro (Figure 1) is the trademark for a type of hook-and-loop fastener, coined from the 
French words “Velour”, meaning velvet and “Crochet”, meaning hook.  
 
Figure 1: Velcro 
 
The mechanism behind the function of Velcro was invented in 1948 by the Swiss 
engineer George de Mestral, from inspiration he got after returning from a walk with 
his dog in the Alps in 1941. He noticed that there were burdock burrs (Figure 2) stuck 
all over his clothes and his dog’s fur and tail. After a more careful examination under a 
microscope, he found out that the burrs have many small hooks on the end of their 
spikes, which were caught on the loops formed by the animal’s hair (or a man’s 
clothes). This observation led him to conceive the idea of binding two materials in the 
same manner, by fabricating an equivalent artificial system comprising of hooks and 
loops. After about 10 years of trial-and-error experiments to determine and refine the 
compositional materials to be used, he concluded with 2 strips made of synthetic fibers 
(nylon) that can be fastened with one another (Figure 3). 
 
Figure 2: Burr 
 
Figure 3: Velcro Mechanism 
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1.2.2  The Gecko Tape 
The gecko tape is a kind of a dry adhesive, the function of which emulates the way by 
which the gecko lizards are able to adhere on smooth surfaces, enabling them to climb 
on vertical walls, even remaining in an upside-down position on a glossy ceiling.  
 
Figure 4: The Gecko lizard in an upside-down position 
 
A gecko’s 5-toed feet (Figure 5) are covered with about half a million elastic fibers 
made of keratin, called setae. The ends of these fibers are split into hundreds of even 
smaller projections of nanoscale structures, called spatulae. The abundance and 
proximity of these tiny and flexible fibers apply intermolecular forces - so called van 
der Waals forces - on the contact surface while dragging or sliding the toe parallel to 
the surface. These forces provide the required adhesive strength with no presence at all 
of any sticky substance, allowing at the same time the lizards to rapidly attach and 
detach their toes on any surface. This mechanism constitutes the source of the 
extraordinary surface adhesion properties exhibited by geckos.  
 
Figure 5: A Gecko’s 5-toed foot  
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In this direction, the gecko-inspired adhesive consists of an array of millions of hard 
plastic microfibers attached to a flexible base (Figure 6). These microfabricated polymer 
contacts (generally maid of polyimide or polypropylene) bend while load is applied, 
increasing the contact area and exhibiting an adhesive force per hair that is comparable 
to that of a gecko foot-hair. Increasing weight causes more microfibers to engage, 
increasing the contact area and thus the adhesion strength (Figure 7). Decreasing weight 
allows fibers to disengage, making release easy and hence allowing for controlled 
attachment and detachment. 
 
Figure 6: Side view of gecko tape microfibers 
 
Figure 7: Microfibers engagement 
representation 
 
This function based on this effect known as draping adhesion (it sticks when it slides on 
the surface and not when it is pressed on it) is far superior to many conventional 
pressure-sensitive adhesives that comprise soft viscoelastic polymers which degrade, 
foul, self-adhere and attach accidentally to inappropriate surfaces. The gecko tape could 
go through several detachment–attachment cycles before any degradation of its 
adhesive properties is noticed and with no sticky residue remaining on the surface. 
 
 
1.2.3  The Lotus Plant effect 
The lotus effect is the result of the hydrophobic nature of the leaves of the lotus plant 
(Nelumbo nucifera) that renders to the plant its extraordinary self-cleaning properties 
(Figure 8). The lotus leaf is one of the most water repellent leaves in the world. When 
water falls on its surface it does not wet the surface, but on the contrary, every single 
water droplet rolls off, picking up any dirt or dust particles, leaving the surface clean 
and dry. 
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Figure 8: The Lotus leaf 
 
Although the first assumption would be that the surface of the leaf to be smooth due to 
its properties and the way it looks to the naked eye, it is actually rough. The cuticle (the 
outermost layer of the surface) of the leaf is covered by tiny bumps called papillae, 
with 10 to 20 µm in height and 10 to 15 µm in width. These micro-scale protuberances 
are coated with a waxy chemical composition in the form of crystals, measuring 
approximately 1 nm in diameter. These waxy crystals are water repellent and along with 
the bumpy surface contribute to the hydrophobicity of the Lotus leaf.  
The hydrophobicity of a surface can be measured by the contact angle of a liquid 
droplet resting on this solid surface. A droplet resting on a solid surface and surrounded 
by air forms a characteristic contact angle θ.  The higher the contact angle, the higher 
the hydrophobicity of a surface. Surfaces with a contact angle < 90° are referred to as 
hydrophilic and those with an angle > 90° as hydrophobic (Figure 9). Generally, when 
a liquid comes in contact with a surface, adhesion forces result in wetting of the surface. 
But when a liquid comes in contact with waterproof materials it assumes the shape of a 
nearly perfect sphere, which means a minimal surface contact area and a contact angle > 
150°.  
 
Figure 9: Three different contact angles of a liquid droplet resting on a solid surface  
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In the case of the Lotus plant, the combination of the bumpy surface and the waxy 
crystals enables the contact area and the adhesion force between the surface and droplet 
to be significantly reduced, reaching a contact angle of 170°. A slight tilt to a leaf 
enables water droplets to roll off instead of sliding down the leaf surface, resulting in a 
self-cleaning process.  
The principle behind the Lotus effect has been exploited and found application in 
industry leading to the development of a new generation of spray coatings (Figure 10), 
paints, glass surfaces, fabric finishes, which have been textured appropriately to 
replicate in a technical manner the self-cleaning properties of the lotus leaf. 
 
Figure 10: Self-cleaning surface applied with coating  
that incorporates the  Lotus-Effect 
 
 
1.2.4  The Eastgate building   
The Eastgate building in Harare, Zimbabwe, is the country’s largest office and shopping 
complex (Figure 11). It is ventilated, cooled and heated entirely by natural means, using 
no conventional air-conditioning or heating systems and thus consuming 90% less 
energy than a conventional building of that size. In order to accomplish his goal for a 
sustainable building with lower levels of energy usage, the architect Mick Pearce 
studied the structure of the mounds of African termites found throughout Zimbabwe 
(Figure 12). 
 
Figure 11: The Eastgate building in Harare, Zimbabwe 
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The termites cultivate fungi inside the mounds as their primary source of food. In order 
to optimize fungus growth the interior of the mound must be maintained at exactly 
30o C, while the outside temperature varies from 2o C to 40o C. The termites achieve this 
constant temperature by building this mound above an underground spheroidal structure 
which serves as their nest and a system of elaborate air ducts that draw the air in and 
cool it by pulling it at the lower part of the mound while hot air escapes from the top of 
the mound (Figure 13). 
 
Figure 12: A Termite mound 
 
Figure 13: Air flow inside the mound 
 
Based on this principle of passive ventilation, the Eastgate building achieves a similar 
function having an extensive tube system within the walls and floors that move air 
through the building and large chimney stacks located at rooftops from where the hot air 
is released to the atmosphere (Figure 14). The air flow is assisted by low and high 
capacity fans placed at the bottom of the building. During the day operate the low 
capacity fans that maintain a comfortable environment within the building while the 
walls store the heat from the outside. During the night operate the high capacity fans 
that pull the stored heat out of the walls warming the interior of the building through the 
ducting and push it out through the stacks. By the next morning the walls are ready to 
again store heat. Finally, for the reduction of heat absorption were used variable 
thickness walls that emulate the shape of a cactus (Figure 15), hooded windows and 
light colored paints. 
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Figure 14: Eastgate Building ventilation system 
 
 
 
Figure 15: Cactus shape walls of the Eastgate building  
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1.3  Aim and Scope of the Study 
The aim of this study is to demonstrate a methodology that describes the way nature can 
act as a source of inspiration for the design and development of a product and 
furthermore suggests special computerized tools and techniques for the optimization of 
the product regarding its environmental impact, by selecting the appropriate materials 
and production methods.  
The validation of the efficiency of this methodology is the design and development of a 
product with the aid of the SolidWorks 3D CAD system that follows the biomimicry 
philosophy and the analysis of the procedure followed for the material selection and the 
production method in order to minimize the environmental impact and the final product 
be as sustainable and ecofriendly as possible. 
The result of this study is the development of a garden chaise lounge that imitates the 
form of a scorpion.  
 
1.4  Research Questions  
There are three basic questions that this project is about to answer:  
• How nature can act as a source of inspiration for the design and development of 
sustainable products.  
• How a designer can exploit specific tools to optimize his product in order to 
reduce its environmental impact.  
• Which are the steps in order for a designer to achieve the aforementioned goals.  
 
1.5  Structure of the dissertation 
This study consists of 5 chapters, as follows: 
In the first chapter is made a reference on what biomimicry is and are mentioned some 
of the most notable and characteristic examples of biomimicry. 
In the second chapter are described some of the most used methods about how nature 
can be an inspiration in product development. 
In the third chapter is analyzed the methodology to be used for the purpose of this study 
In the fourth chapter are presented the data results in order to validate the deployment of 
the product. 
In the fifth chapter are presented the summary and conclusion of this study along with a 
reference to the quintessence of it. 
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Chapter 2 - Literature Review 
While some designers and scientists employ biomimicry specifically as a method to 
increase the sustainability of what they have created, biomimicry is also used in some 
cases simply as a source of novel innovation (Pedersen, 2007). There are two distinct 
orientations in biomimicry as a design process (Goel et al., 2014):   
• Solution driven, where an interesting biological phenomenon or mechanism 
inspires the search for potential applications adapting it in the development of a 
new product. This is also referred as biology influencing design 
• Problem driven, where the identification of a given problem stimulates the 
search for biological mechanisms that could help to the solution of the problem. 
This is also referred as design looking to biology. 
In this chapter are described and presented in a schematic way five methodologies that 
have been collected from literature and are based on both the alternative approaches 
mentioned above. 
 
 
2.1  Methodologies description 
2.1.1  The Aalborg bio-inspired design method. 
This method consists of four steps and emphasizes the importance of environmental and 
economical sustainability factors in the development and evaluation of the project by 
the designer (Colombo, 2007).  
In the first step (Analysis) a natural system is selected and analyzed to understand its 
form, structure and functional principles. In the second step (Transformation) the 
system’s analogy and characteristics are deciphered and interpreted into technical and 
mechanical terms using mathematical, geometrical and statistical principles. In the third 
step (Implementation) all the principles of the relationship between form and structure 
accrued by the analysis of the system are applied for the development of new products. 
In the fourth step (Product development) a new product is developed and evaluated 
taking into consideration the environmental and economical factors for its lifecycle.   
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Figure 16: The Aalborg bio-inspired design method (Colombo, 2007)   
 
 
2.1.2  The biomimicry design method  
This method consists of five steps and provides a detailed description of the procedures 
involved in natural sample collection and analysis. This method does not include any 
procedures concerning the design transfer of the features found in the natural samples 
(Junior et al., 2002). 
In the first step (Identification of need) an unsolved problem is accurately defined in a 
way that a subsequent analysis of the environment will lead in finding potential 
solutions. In the second step (Selection and sampling) samples in nature that fit the 
problem are selected, after a previously conducted research for appropriate samples 
identification and knowledge acquisition about their habitats and the necessary 
equipment for their collection. In the third step (Observation of the sample) 
observation and analysis of the sample is conducted in order to specify its 
morphological structure, functions, processes, distributions in time and space and the 
relationship with the environment. In the fourth step (Analogy of the natural system 
with the product) the possibility and feasibility of the application of an analogy 
between the sample studied and the product to design is considered, based on the results 
of the functional, formal and structural analysis. In the fifth step (Design 
implementation) the feasibility of application of the sample characteristics to the 
design is considered, as well as the needs and requirements of the proposed product. 
  
Analysis 
• Choice of a natural system and analysis to understand its form, 
structure and functional principles 
Transformation 
• Decipherment and interpretation of the system’s analogy and 
characteristics into technical and mechanical terms 
Implementation 
• Application of the principles accrued by the analysis of the 
relationship between form and structure into the development of new 
products 
Product 
development 
• Development and evaluation of a new product taking into 
concideration the environmental and economical factors for its 
lifecycle 
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Figure 17: The biomimicry design method (Junior et al., 2002).  
 
 
2.1.3  The spiral design method 
This method consists of seven steps and gives emphasis to the product lifecycle, taking 
into account issues such as manufacturing processes, packaging and recycling of the 
product in development. In this method, iterations are implicit, and evaluation of the 
result of every step is also recommended (Biomimicry Institute, 2007). 
In the first step (Identification of need) an unmet human need is identified and a design 
brief with details and specifications of this need is specified. In the second step 
(Interpretation) the design brief is examined from the perspective of nature. The 
problem is approached by a biological point of view and the functions of the project are 
translated into tasks performed in nature. In the third step (Discovery) the best natural 
models that satisfy the challenges posed in the design brief are sought. In the fourth step 
(Abstract) the natural models with the most relevant mechanisms to a particular 
challenge of the project are selected. In the fifth step (Emulation) ideas and solutions 
based on natural models are developed in a way to mimic aspects of form, function and 
of the ecosystem as much as possible. In the sixth step (Evaluation) the design 
solutions that will improve issues related to packaging, marketing, transportation, new 
products, additions and refinements are evaluated. In the seventh step (Identification of 
Need 
identification 
• Accurate definition of an unsolved problem 
Selection and 
sampling 
• Reaserch conduction for appropriate natural samples identification and 
collection 
Sample 
analysis 
• Classificaton of the samples through a procedure of functional, morpho-
logical and structural analysis 
Sample and 
product analogy 
• Consideration of the possibility and feasibility of the application of an 
analogy between the sample and the product to design 
Design 
implementation 
• Consideration of the feasibility of the application of  the characteristics 
of the sample to the product to design 
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a solution) design solutions based on the results accrued from the evaluation of life’s 
principles are developed and refined.  
 
Figure 18: The spiral design method (Biomimicry Institute, 2007) 
 
 
2.1.4  Bio-inspired design method   
This method consists of six steps and the process of problem definition and searching 
for biological solutions is supported by elucidative techniques, suggestions and practical 
examples (Helms et al., 2009). 
In the first step (Problem definition) an unsolved problem is selected and further 
defined through functional decomposition and optimization. In the second step 
(Reframe the problem) the problem is redefined from a natural perspective 
questioning the way a biological system performs a specific function. In the third step 
(Biological solution search) solutions relevant to the biological problem are sought 
with techniques such as changing constraints, analysis of the adaptation of some notable 
Need 
identification 
• Definition of an unmet human need and development of a design brief 
with details and specifications of this need  
Interpretation 
• Translation of the project functions into tasks performed in nature 
Discovery 
• Seek in nature for the best natural models that satisfy the project 
specifications 
Abstract 
• Selection of the  natural models with the most relevant mechanisms to a 
particular project specification  
Emulation 
• Development of ideas and solutions emulating as much as possible 
aspects of  form and function of the natural models 
Evaluation 
• Evaluation of the design solutions considering issues such as packaging, 
marketing, transportation, new products, additions and refinements. 
Solution 
identification 
• Development and refinement of the design solutions based on the results 
accrued from the evaluation of life’s principles 
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natural mechanisms, variation within a family of solutions and multi-functionality. In 
the fourth step (Define the biological solution) the structures and surface mechanisms 
of the biological system related to the recast function are identified. In the fifth step 
(Principle extraction) the important principles of the solution are extracted in the form 
of a neutral solution, requiring a description that removes as much of the various 
structural and environmental constraints as possible. In the sixth step (Principle 
application) the bio-inspired solution principles extracted into a new area are 
translated, involving an interpretation of a domain space (e.g biology) to another (e.g 
mechanics) by introducing new constraints. 
 
Figure 19: Bio-inspired design method (Helms et al., 2009) 
 
 
2.1.5  Bio-solution in search of a problem method 
This method consists of seven steps and supports an iterative formulation of the bio 
inspired design principle (Helms et al., 2009).  
In the first step (Biological solution identification) a potential solution to human 
problem is sought by observing natural phenomena on a macro scale and / or a micro 
level. In the second step (Define the biological solution) the components or systems 
involved in the phenomenon in question are identified in order to outline the biological 
Problem  
definition 
• Problem selection and definition through functional decomposition and 
optimization 
Problem 
reframe 
• Problem redefinition in biological terms based on the way a biological 
system performs a specific function 
Biological 
solution search 
• Solutions relevant to the biological problem are sought with specific 
techniques 
Biological 
solution 
definition  
• Identification of the structures and surface mechanisms of the biological 
system related to the recast function 
Principle  
extraction 
• Extraction of the important principles of the solution in the form of a 
neutral solution 
Principle 
application 
• Translation of the solution principle to another domain (e.g mechanics) 
by introducing new constraints 
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solution in functional notation. In the third step (Principle extraction) the fundamental 
principle of the solution is extracted from the analysis of the biological solution in 
schematic notation. In the fourth step (Reframe the solution) the biological function is 
examined in terms of how it could be useful to human. In the fifth step (Problem 
search) a new problem may be identified, which differentiates this step from the 
solution search step in the problem-driven processes. In the sixth step (Problem 
definition) the problem is outlined similarly by analogy with the definition of the 
solution in schematic notation in order to establish a parallel between the systems and 
components of the biological solution and the problem. In the seventh step (Principle 
application) the solution principle is transformed into a working principle of the 
technological concept that is needed. This activity will culminate in the embodiment of 
a bio-inspired solution of a technological product or system. 
 
Figure 20: Bio-solution in search of a problem method (adapted from Helms et al., 2009) 
  
Bio solution 
identification 
• Seek of a potential solution to apply to a human problem by observing 
natural phenomena on a macro scale and / or a micro level 
Bio solution 
definition 
• Identification of the components or systems involved in the quested 
phenomenon and outline of the biological solution in functional notation 
Principle 
extraction 
• Extraction of the fundamental principle of the solution accrued  from the 
analysis of the biological solution in schematic notation 
Solution 
reframe  
• Examination of the biological function in terms of its  usefulness to 
human 
Problem 
search 
• Identification of a new problem that may accrue 
Problem 
definition 
• Outline of the problem by analogy with the definition of the solution in 
schematic notation 
Principle 
application 
• Transformation of the solution principle into a working principle of the 
technological concept that is needed 
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Chapter 3 - Methodology Proposal 
In this chapter is described the framework of the methodology followed for the 
completion of this study as well as are explained the meaning and importance of 
sustainable development along with the Life Cycle Assessment (LCA) method which 
is directly linked to sustainability. At this point should be mentioned that no matter how 
well-structured a methodology is, it is not a panacea to the success of a product, since 
there are many other factors affecting it, two of the most prominent being creativity and 
technical expertise.  
 
 
3.1  Overview of the methodology 
The main idea behind this project was the development of a methodology that would 
suggest a way of how to take advantage of a special characteristic or mechanism from a 
biological system and adapt it in the development of a product in order to provide a 
solution to a human need or problem. This methodology falls in the category of solution 
driven methodologies and its objective is oriented on product design with special 
emphasis in sustainability and eco-friendliness. This is accomplished with the aid of 
specialized softwares used apart from the design process, in the material selection and 
manufacturing process phase as well as in the phase of environmental impact 
assessment.  
 
 
3.2  Sustainability 
There are many different definitions of the term sustainable development, but the most 
widely recognized and quoted is the one from the World Commission on Environment 
and Development’s report “Our Common Future” called the Brundtland Report: 
“Sustainable development is development that meets the needs of the present 
without compromising the ability of future generations to meet their own needs. It 
contains within it two key concepts: 
1. the concept of ‘needs’, in particular the essential needs of the world’s poor, to 
which overriding priority should be given 
2. the idea of limitations imposed by the state of technology and social 
organization on the environment’s ability to meet present and future needs.” 
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Sustainability is based on three interrelated factors - economic, social and 
environmental – referred to as “the triple bottom line” or “the 3 pillars of Sustainability 
and are depicted with 3 interlocking circles in a triangle formation, as shown in Figure 
21. Economic Sustainability refers to the capacity of an economic system to generate a 
constant and improving economic growth and consequently to generate incomes and 
employment. Social Sustainability refers to the capacity of the different social actors to 
ensure welfare and equality among social classes and genders. Environmental 
Sustainability refers to the capacity of preservation and reproduction of the natural 
resources over time.  
 
 
Figure 21: Venn diagram of sustainable development 
 
This interlocking circles model of sustainability implies the integration of these three 
essential and inseparable aspects of development which are often found to conflict with 
one another. This can be witnessed especially in developing nations, where people focus 
mostly on a constantly increasing economic growth in order to achieve better standards 
of living, overlooking at the same time the fact that this practice results in consuming 
too much of the Earth’s resources, high levels of environmental pollution and social 
inequalities. 
The goal of sustainable development is therefore to achieve a complete interaction and 
balance between these factors in order to satisfy basic social and economic needs while 
maintaining all the natural resources for future generations and improving the well-
being of the environment and ecosystem on which life depends.  
In this light of eliminating negative environmental impact and comply with the three 
principles of sustainability, the Life Cycle Assessment method (LCA) was used for the 
environmental assessment of the product of this study, the garden Chaise Lounge. The 
LCA was executed via Solidworks Sustainability LCA software tool and its LCA 
database. 
  
17 
3.3  Life Cycle Assessment 
Life-cycle assessment (LCA) is a method that quantitatively analyses and evaluates the 
environmental impact of a product throughout its entire lifecycle, from cradle to grave 
with all the intermediate stages (raw material extraction, materials processing, 
manufacturing, distribution, use, repair and maintenance, disposal or recycling) as 
shown in Figure 22. 
Environmental impact is associated with air pollutant emissions and consumption of 
resources, both of which contribute to a wide range of impacts, such as climate change, 
stratospheric ozone depletion, tropospheric ozone (smog) creation, eutrophication, 
acidification, toxicological stress on human health and ecosystems, the depletion of 
resources, water use, land use, and noise. 
 
 
Figure 22: Stages of a product lifecycle 
 
A complete LCA study according to the ISO 14040 series of standards involves four 
main phases (Figure 23):  
• Goal and scope definition of the product system to be studied. 
• Inventory analysis of relevant inputs and outputs of the product system. This 
involves collection of data for each process that is included in the studied 
product system, and aggregating the contribution from each process into the total 
result for the system. 
• Impact assessment of different potential environmental problems associated 
with the inputs and outputs for the product system using specific indicators. 
• Interpretation of the results from the study and development of 
recommendations. 
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Figure 23: Life Cycle Assessment framework 
 
LCA is a decision making tool that calculates indicators of potential environmental 
impacts and provides alternative choices for potential improvements of the examining 
product identifying opportunities for pollution prevention and reductions in resource 
consumption. The four environmental indicators that Solidworks Sustainability tool 
calculates are described below. 
 
 
3.4  Environmental Impact Factors 
3.4.1  Carbon Footprint.  
Carbon dioxide and other gasses resulting from burning fossil fuels accumulate in the 
atmosphere, which in turn increases the earth’s average temperature. This is widely 
known as Global Warming Potential (GWP). The carbon footprint is measured in units 
of carbon dioxide equivalent (CO2e). Scientists blame global warming for problems like 
loss of glaciers, extinction of species, and more extreme weather, among others. 
 
3.4.2  Energy Consumption.  
This is a measure of the non-renewable energy sources associated with the part’s 
lifecycle in units of megajoules (MJ). This impact includes the electricity or fuels used 
during the product’s lifecycle, but also the upstream energy required to obtain and 
process these fuels, and the embodied energy of materials that would be released if 
burned. Total energy consumed represents the net calorific value of primary energy 
demand from non-renewable resources (e.g. petroleum, natural gas, etc.). Moreover, 
efficiencies in energy conversion (e.g. power, heat, steam, etc.) are also factors of 
concerns. 
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3.4.3  Air Acidification.  
Burning fuels creates sulphur dioxide, nitrous oxides, and other acidic air emissions. 
This is a main cause for the acidity of rainwater, which in turn acidifies lakes and soil. 
These acids are the main reason which can make the land and water toxic for plants and 
aquatic life. Acid rain can also slowly dissolve man-made building materials such as 
concrete. This impact is typically measured in units of kg sulphur dioxide equivalent 
(SO2e). 
 
3.4.4  Water Eutrophication.  
Eutrophication occurs when an overabundance of nutrients are added to a water 
ecosystem. Nitrogen and phosphorous from wastewater and agricultural fertilizers cause 
an overabundance of algae to bloom, which then depletes the water of oxygen as a 
result the death of both plant and animal life. This impact is measured in either kg 
phosphate equivalent (PO4e) or kg of nitrogen (Ne) equivalent. 
 
 
3.5  Description of the methodology 
The proposed methodological framework comprises 7 steps as presented in the Figure 
24 below. 
In the first step (Research conduction) research is conducted in order to identify a 
biological system of interest that would be the inspiration and basis for the development 
of our product. In the second step (System analysis) the system is analyzed in terms of 
form, shape, structure and functional principles in order to identify and exploit any of its 
special features in solving a human problem or need.  In the third step (Problem 
definition) the problem to be solved is defined along with the design requirements. In 
the fourth step (Design deployment) the design procedure is deployed by adapting the 
special feature(s) that came up from the analysis step in our product. In the fifth step 
(Material analysis) material analysis in conducted in order to explore and find 
materials that fulfill the requirements and specific objectives of each part of the product, 
emphasizing on the recyclability of the product. In the sixth step (Engineering 
analysis) stress analysis in conducted in order to assure that the materials derived from 
the previous step fulfill the mechanical requirements of each part of the product. In the 
seventh step (Optimization) sustainability analysis in conducted in order to conclude 
with the most appropriate materials and manufacturing processes with the lower 
environmental impact. 
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Figure 24: Steps of the proposed methodology 
 
 
 
 
 
 
Research 
conduction  
• Research conduction for pinpointing and understanding a biological system 
that will provide the solution in our case 
System 
analysis 
• Analysis of the the system in terms of  geometry and function 
Problem  
definition  
• Definition of the problem and the design requirements 
Design 
deployment 
• Deployment of the design procedure adaptating the geometric features of 
the system in our product development 
Material 
analysis  
• Material analysis for investigating materials appropriate for the 
requirements and objectives of our product 
Engineering 
analysis 
• Stress analysis for the assurance of the appropriateness of the materials' 
mechanical properties 
Optimization 
• Sustainability analysis for the selection of the most appropriate materials 
and manufacturing processes with the lower environmental impact 
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Chapter 4 - Concept deployment (Data analysis & Discussion)  
In this chapter are presented in detail the steps of the proposed methodology followed 
for the development of the chaise lounge.  
 
4.1  Design process  
This phase actually encompasses the first four steps of the methodology (Research 
conduction, System analysis, Problem Definition and Design Deployment).  
 
 
4.1.1  Research conduction 
The initial step of this project was to identify a biological system with a special feature 
or shape that would be the inspiration and the basis for the development of our product. 
After extensive research both in the faunal and floral systems in order to find a 
biological system of interest and at the same time familiar and eye-catching, the 
scorpion was selected (Figure 25).  
 
Figure 25: Scorpion 
 
 
4.1.2  System analysis 
The next step was to understand and analyze the morphology of the scorpion in terms of 
form, shape, structure and function. Scorpions have eight legs with their most 
recognizable characteristics being the pair of grasping pedipalps and the narrow, 
segmented tail, carried in a forward curve over the back, ending with a venomous 
stinger. Through the process of abstraction and simplification a first rough sketch was 
made (Figure 26) in order to serve as the guideline in an attempt to translate its features 
into geometrical principles and identify any of its characteristics that could be 
accommodated into a daily product. 
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Figure 26: Rough sketch of a scorpion 
 
 
4.1.3  Problem Definition 
Focusing on the shape of the tail, the idea was born that it could be exploited in solving 
the problem of providing adequate shadow while lying under the hot sun. The concept 
that came up from this idea was to design a chaise lounge that would take advantage of 
the curved shape of the scorpion’s tail by adapting an umbrella at the tip of its backrest, 
where the stinger is supposed to be. Moreover, another idea came up in addition to the 
first one, to make an adaptable slot at the tip of the backrest that could make it possible 
to adapt not only just an umbrella but also a mosquito net in order to provide protection 
from the mosquitos’ attack or a source of light for someone who enjoys reading while 
relaxing in the evening. 
After the concept was conceived, the next step was to define the design requirements of 
the chaise lounge, which are summarized in Table 1. 
Design  
requirements 
• Outdoor use 
• Lightweight (easily be carried and stored) 
• Modular system (detachable parts) 
• Minimal design 
• Nice and appealing shape that imitates the shape of 
the scorpion 
Material  
requirements 
• Lightness 
• Stiffness 
• Durability  
• Weather-resistance  
• Recyclability 
Table 1: Chaise lounge’s design requirements 
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Starting with the target market, the specific furniture was intended for outdoor use. Thus 
the product is addressed to consumers who own a house with a garden or patio, or 
people who own a house in the countryside. Additional to this, the furniture has to be 
lightweight in order to be easily carried and stored. For this reason was decided to be a 
modular system in order to be easily dismantled and consist of three main parts: a) the 
frame, b) detachable legs and c) a detachable cushion. Finally, some requirements 
regarding its materials were taken into consideration which will be analyzed in the 
paragraph of Material selection.  
 
 
4.1.4  Design Deployment 
After the requirements were set the next step was to specify the dimensions of the 
chaise lounge and start with the design deployment. The first step was to decide the 
user population, namely the group of people who were about to use this product. 
Actually, the user group of the specific product includes everyone except young 
children, which means that it should be of that size that could accommodate the 95% of 
the potential customers. Using the anthropometric data presented in the Table 2 and 
following some basic ergonomic rules based on picking the right percentile for a 
specific dimension from the dimension chart, the values that were selected as the initial 
reference are: 
• the 95th percentile of a male’s buttock-heel length for the length of the seat 
(Dimensions 14+15 = 550+595 = 1145) 
• the 95th percentile of a female’s hip breadth for the width of the seat 
(Dimension 19 = 435) 
• the 95th percentile value of male’s shoulder breadth for the width of the 
backrest  (Dimension 17 = 510) 
• the 95th percentile value of male’s sitting shoulder height for the height of the 
backrest  (Dimension 10 = 645) 
• the 5th percentile of a female’s popliteal height for the height of the legs 
(Dimension 16 = 355) 
The 5% percentile indicates that 5% of people are below the given sizes while the 95% 
percentile indicates that 5% of people are above the given sizes. Along with the values 
above, two more parameters were taken into account regarding the backrest. The first 
one was to have an inclination of about 20 - 25o degrees in order to provide a more 
comfortable lounging position and the second one was to follow the shape of the human 
spine. 
Since the design parameters were decided, the next step was to draw the scaffold of the 
chaise lounge’s frame based on the dimensions above, while at the same time trying to 
combine and adapt the characteristics of the shape of the scorpion concluded at the 
“Problem definition” stage. The result is depicted in Figure 27 and the 3D view of the 
frame in Figure 28 and Figure 29.  
24 
 
Table 2: Anthropometric data 
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Figure 27: The scaffold of the frame 
 
 
 
Figure 28: Left view of the frame 
 
 
Figure 29: Perspective view of the frame 
 
 
Finishing with the frame, the next step was to design the legs of the chaise lounge. The 
idea was to consist of 8 legs, imitating the number and the shape of a scorpion (Figure 
30). In order for the chaise lounge to be easily dismantled they were decided to be 
removable. For this reason, slots with a threaded hole were adapted below the frame, as 
shown in Figure 31. So as for the chaise lounge to be assembled, the legs are fitted into 
these slots and are stabilized with bolts screwed into the threaded holes. Another issue 
to be mentioned here is that all the 4 pairs of legs are of different height due to the 
curved shape of the frame. In Figure 32 is presented a rendered aspect of the chaise 
lounge in order to attribute a more realistic view before the material analysis take place 
and the final materials to be assigned.   
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Figure 30: Leg shape  
 
 
Figure 31: Bottom view of the frame 
 
 
Figure 32: Rendered view of the assembly 
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4.2  Material Analysis 
4.2.1  General Overview 
Engineering materials are classified into six broad families: metals, polymers, 
elastomers, ceramics, glasses, and hybrids. The members of a family have certain 
features in common (e.g. similar properties, processing routes, etc.) and often similar 
applications. Furthermore, each material has particular attributes (density, strength, cost, 
etc.). A design demands a certain profile of these (e.g. high strength, low density, 
modest cost, etc.). Hence, what we actually seek is not a material but a certain profile of 
properties (Ashby, 2011). 
In this phase, each component of the chaise lounge is examined separately and different 
materials that fulfill the design requirements are being explored in order to finally 
conclude with 3 of them that best meets the needs of our design. This procedure is 
accomplished with the aid of the CES EduPack database.  
In CES EduPack one property is plotted against another (e.g. yield stress against 
density) on two different axes, x and y. The result is a Bubble chart, depicting scattered 
materials that cluster together in families - called envelops - according to their 
properties. In order to eliminate the materials which don’t meet the constraints of the 
design and afterwards to rank the remaining ones by their ability to maximize 
performance in the given application, a number of specific equations are used that 
contain groups of material properties. These property groups are called material 
indices and are represented on the chart with a diagonal line, the slope of which accrues 
from the mathematical relationship of the two selected properties. This line separates 
the chart in two parts. The materials above the line are the ones with the highest ratio, 
maximizing the defined material index, whereas the others below the line minimize the 
material index. By selecting the area above the line, the materials below are instantly 
turned grey, which means that they are excluded. Finally, a further decrease to the 
number of the potential materials can be achieved by moving the line towards the side 
where performance is optimized, or by defining a number of constraints such as 
recyclability, transparency, resistance to water/humidity, as well as defining specific 
values for the properties (e.g. price, density, Young’s modulus, etc.). 
 
4.2.2  Material selection 
As mention in paragraph 4.1.3  the design requirements of the chaise lounge are:  
• Outdoor use, meaning that the materials to be used should be weather-resistance  
• Lightweight in order to easily be carried and stored. 
• Stiff enough in order to withstand a weight of at least 100 kg 
• All the materials to be recyclable 
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The material selection process is tackled in the following 3 steps: 
1. Translation: In this step the design requirement are converted into function, 
objectives, constrains and free variables in order to be applied to the materials 
database. 
2. Screening: In this step the material indices are determined in order for the 
materials that don’t meet the constraints to be eliminated. 
3. Ranking: In this step the rest of the materials that fulfill the needs of the product 
are being ordered by their ability to meet a criterion of excellence. 
For the translation of the design requirements the generic components illustrated 
in Figure 33 are going to be used and for the determination of the material indices the 
data in Figure 34 (Asbhy, 2011). 
 
Figure 33: Generic components: (a) a tie, a tensile component; (b) a panel, loaded in bending;  
(c and d) beams, loaded in bending 
 
 
Figure 34: Stiffness-limited Design at Minimum Mass 
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4.2.2.1  Screening of the problem for the frame 
Mechanically speaking, the frame of the chaise lounge is a panel loaded in bending 
(Figure 33b). Hence, it must be strong and stiff enough to carry compressive loads and 
bending moments without failure, while at the same time it must be as light as possible. 
Another constraint that should be taken into account is that it should be of adequate 
toughness, in order to withstand stresses caused by drops and other types of impact. For 
this reason brittle materials are rejected. A good rule-of-thumb is to be chosen materials 
with a fracture toughness of KIC > 4.5 MPa.m1/2. Finally, two more constraints would 
be set as a limit: recyclability and a price of Cm < 5 €/kg in order for the frame to be of 
a reasonable cost. 
The translation of the frame’s design requirements is summarized in the Table 3 below. 
FUNCTION Light and stiff frame 
OBJECTIVE Minimize the mass, m, of the frame 
CONSTRAINTS a. Length, L (specified) 
b. Bending stiffness, S (specified) 
c. Fracture Toughness, KIC > 4.5 MPa.m1/2 
d. Cost, Cm < 5 €/kg 
e. Recyclable 
FREE VARIABLES Frame thickness, t 
Table 3: The design requirements of the frame  
 
 
4.2.2.2  Material Indices determination and ranking for the frame 
In order to select the materials that not only meet the design requirements previously 
described, but those that also maximize performance, two material property charts are to 
be used:  
• A chart of Young’s modulus, E, against density, ρ,    
• A chart of fracture toughness, KIC, against price, Cm 
For the first chart, the appropriate material index must be identified. As mentioned 
above, the frame resembles a panel of specified length, width and stiffness, loaded in 
bending and with the variable of thickness free. Looking at the data in Figure 34, the 
appropriate material index to be chosen is: 
𝑀𝑀1 =   𝐸𝐸1/3𝜌𝜌  
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Therefore, a selection line with a slope of 3 is to be used and since we need to maximize 
the performance of the index, the area above that line is to be chosen. The chart is 
shown in Figure 35 and the materials that fulfill the above requirements are presented in 
the Table 4, ranked according their material index.  
 
Figure 35: The chart of Modulus, E, against Density, ρ 
 
 
Name Index 
Paper and cardboard 0.00269 
Polyamides (Nylons, PA) 0.00126 
Polypropylene (PP) 0.00117 
Polyethylene terephthalate (PET) 0.00112 
Polycarbonate (PC) 0.00111 
Polyvinylchloride (PVC) 0.001 
Polyurethane (PUR) 0.001 
Table 4: Materials result from the E-ρ chart 
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For the second chart, a selection box is going to be used instead of a selection line and 
thus, there is no need for a material index to be identified. The box would isolate 
materials with fracture toughness KIC > 4.5 MPa.m1/2 and cost Cm < 5 €/kg. The chart 
is shown in Figure 36 and the materials that fulfill the above requirements are presented 
in the Table 5, ranked according their material index. 
 
Figure 36: The chart of Fracture Toughness, KIC, against Price, Cm  
 
 
Name Index 
Paper and cardboard 0.00269 
Polypropylene (PP) 0.00117 
Polyethylene terephthalate (PET) 0.00112 
Polyvinylchloride (PVC) 0.001 
Table 5: Materials result from the KIC-Cm chart 
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Combining the results of both charts and hence all the 5 constraints referred in Table 3, 
we finally conclude with the 3 materials presented in the Table 6 below. Another thing 
to be mentioned is that the cardboard, despite its very good resistance in compression 
loads and thus the higher material index, was excluded due to the fact that it is 
unacceptable to bad weather conditions and hence for outdoor use. 
 
Name Index 
Polypropylene (PP) 0.00117 
Polyethylene terephthalate (PET) 0.00112 
Polyvinylchloride (PVC) 0.001 
Table 6: Table with the optimum results intersection for the frame 
 
 
4.2.2.3  Screening of the problem for the legs 
Mechanically speaking, the leg of the chaise lounge is a beam loaded in bending (Figure 
33c). Hence, it must be strong and stiff enough to carry compressive loads and bending 
moments without failure, while at the same time it must be as light as possible. Another 
constraint that should be taken into account is that it should be of adequate toughness, in 
order to withstand stresses caused by drops and other types of impact. For this reason 
brittle materials are rejected. A good rule-of-thumb is to be chosen materials with a 
fracture toughness of KIC > 15 MPa.m1/2.  Finally, two more constraints would be set as 
a limit: recyclability and a price of Cm < 5 €/kg in order for the 8 legs to be of a 
reasonable cost. 
The translation of the leg’s design requirements is summarized in the Table 7 below. 
FUNCTION Light and stiff beam 
OBJECTIVE Minimize the mass, m, of the leg 
CONSTRAINTS a. Length, L (specified) 
b. Bending stiffness, S (specified) 
c. Fracture Toughness, KIC > 15 MPa.m1/2 
d. Cost, Cm < 5 €/kg 
e. Recyclable 
FREE VARIABLES Section Area, A 
Table 7: The design requirements of the legs  
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4.2.2.4  Material Indices determination and ranking for the frame 
In order to select the materials that not only meet the design requirements previously 
described, but those that also maximize performance, two material property charts are to 
be used:  
• A chart of Young’s modulus, E, against density, ρ,    
• A chart of fracture toughness, KIC, against price, Cm 
For the first chart, the appropriate material index must be identified. As mentioned 
above, the leg resembles a beam of specified length, shape and stiffness, loaded in 
bending and with the variable of section area free. Looking at the data in Figure 34, the 
appropriate material index to be chosen is: 
𝑀𝑀1 =   𝐸𝐸1/2𝜌𝜌  
 
Therefore, a selection line with a slope of 2 is to be used and since we need to maximize 
the performance of the index, the area above that line in to be chosen. The chart is 
shown in Figure 37 and the materials that fulfill the above requirements are presented in 
the Table 8, ranked according their material index.  
 
Figure 37: The chart of Modulus, E, against Density, ρ 
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Name Index 
Wrought magnesium alloys 0.0039 
Cast magnesium alloys 0.00369 
Cast Al-alloys 0.00332 
Age-hardening wrought Al-alloys 0.00319 
Non age-hardening wrought Al-alloys 0.00311 
Table 8: Materials result from the E-ρ chart 
 
 
For the second chart, a selection box is going to be used instead of a selection line, and 
thus, there is no need for a material index to be identified. The box would isolate 
materials with fracture toughness KIC > 15 MPa.m1/2 and cost Cm < 5 €/kg. The chart 
is shown in Figure 38 and the materials that fulfill the above requirements are presented 
in the Table 9, ranked according their material index. 
 
Figure 38: The chart of Fracture Toughness, KIC, against Price, Cm  
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Name Index 
Cast Al-alloys 0.00332 
Age-hardening wrought Al-alloys 0.00319 
Non age-hardening wrought Al-alloys 0.00311 
Zinc die-casting alloys 0.00154 
Table 9: Materials result from the KIC-Cm chart 
 
 
Combining the results of both charts and hence all the 5 constraints referred in Table 7, 
we finally conclude with the 3 materials presented in the Table 10 below. 
Name Index 
Cast Al-alloys 0.00332 
Age-hardening wrought Al-alloys 0.00319 
Non age-hardening wrought Al-alloys 0.00311 
Table 10: Table with the optimum results intersection for the legs 
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4.3  Engineering Analysis 
4.3.1  General Overview 
After finishing with the selection of the materials, the next step is to assure that these 
materials meet the mechanical requirements of the design. Namely, that they are able to 
withstand the forces and loads they are subjected without failure. 
That was accomplished with the performance of stress analysis of the design with the 
aid of the Solidworks Simulation tool. This tool employs the Finite Element Method 
(FEM), which means that initially it discretize the geometry into many small simple 
elements (triangular, tetrahedral, etc.) or blocks - together called a mesh - and then it 
solves numerically for each one individually, in order to calculate component stresses, 
displacements and strains under operational load. The results are shown on a plot, which 
depicts the component along with a bar on the right side, both colored in a specific 
mode. The colors on the bar correspond to specific values, according to the analysis that 
has been chosen (stress, displacement, strain, factor of safety) and the colors on the 
component represent the area that undergoes these stresses.  
Special attention must be paid to the maximum value of the Von Mises stress result, 
which should not exceed the yield strength of the material. The yield strength (or yield 
point, or elastic limit) is the stress at which a material begins to deform plastically. Prior 
to the yield point the material deforms elastically and returns to its original shape after 
the applied load is removed. If it is loaded beyond its yield strength then permanent and 
non-reversible deformation occurs. 
In order to proceed with this process, the first step is to create the desired materials 
using the data for the material properties from the CES database in case that they don’t 
exist in the Solidworks database. Afterwards, we assign to the model the boundary 
conditions and run the analysis for each material separately.  
For the aim of this study, each component of the chaise lounge is examined separately. 
In the following two subunits are presented the results of the stress analysis carried out 
for the frame and leg for all the 3 materials derived for each one from the material 
selection phase. 
The materials to be examined for the frame are: a) Polypropylene (PP), b) Polyethylene 
terephthalate (PET), c) Polyvinylchloride (PVC).  
The materials to be examined for the legs are: a) Cast Aluminum alloys, b) Age-
hardening wrought Aluminum alloys, c) Non age-hardening wrought Aluminum alloys. 
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4.3.2  Stress analysis for the frame 
The first step is to assign the boundary conditions as illustrated in Figure 39. 
 
Figure 39: Boundary conditions for the simulation analysis of the frame 
 
The value of the applied force was determined taking into consideration the 
anthropometric data presented in Table 2. The chaise lounge was expected to withstand 
at least the weight of the 95th percentile of a male’s body mass (94 kg). Thus, the 
applied load used for the analysis is 1000 N. 
Afterwards, stress analysis is carried out for each one of the three materials. In the next 
three subunits are presented the results of the analysis for each material separately. 
What we are interested in from the results are the stress and the displacement results. 
For the better understanding of the results, each plot is followed by a table with the 
minimum and the maximum result values of each analysis. 
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4.3.2.1  Study for the Polypropylene (PP) material 
 
Treated As Volumetric Properties 
Solid Body Mass:  17.0301  kg 
Volume: 0.0191349  m^3 
Density: 890  kg/m^3 
Weight: 166.895  N 
Table 11: Model information 
 
 
 
Name: PP  
Model type: Linear Elastic Isotropic 
Default failure criterion: Max von Mises Stress 
Yield strength: 3.5e+007  N/m^2 
Tensile strength: 3e+007  N/m^2 
Compressive strength: 3.5e+007  N/m^2 
Elastic modulus: 9.85e+008  N/m^2 
Poisson's ratio: 0.4103  
Mass density: 890  kg/m^3 
Shear modulus: 3.5e+008  N/m^2 
Table 12: Material Properties (PP)  
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Figure 40: Stress Simulation (PP) 
 
 
 
Type Min (MPa) Max (MPa) 
Von Mises Stress 4.48132e-007 9.2793 
Table 13: Stress Results (PP) 
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Figure 41: Displacement Simulation (PP) 
 
 
 
Type Min (mm) Max (mm) 
URES:  
Resultant Displacement 0 115.168 
Table 14: Displacement Results (PP) 
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4.3.2.2  Study for the Polyethylene terephthalate (PET) material 
 
Treated As Volumetric Properties 
Solid Body Mass:  27.1716  kg 
Volume: 0.0191349  m^3 
Density: 1420  kg/m^3 
Weight: 266.282  N 
Table 15: Model information 
 
 
 
Name: PET  
Model type: Linear Elastic Isotropic 
Default failure criterion: Max von Mises Stress 
Yield strength: 5.65e+007  N/m^2 
Tensile strength: 5.73e+007  N/m^2 
Compressive strength: 9.29e+007  N/m^2 
Elastic modulus: 2.96e+009  N/m^2 
Poisson's ratio: 0.37   
Mass density: 1420  kg/m^3 
Shear modulus: 1.4e+009  N/m^2 
Table 16: Material Properties (PET) 
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Figure 42: Stress Simulation (PET) 
 
 
 
Type Min (MPa) Max (MPa) 
Von Mises Stress 1.20183e-006 20.0192 
Table 17: Stress Results (PET) 
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Figure 43: Displacement Simulation (PET) 
 
 
 
Type Min (mm) Max (mm) 
URES:  
Resultant Displacement 0 87.3464 
Table 18: Displacement Results (PET) 
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4.3.2.3  Study for the Polyvinylchloride (PVC) material 
 
Treated As Volumetric Properties 
Solid Body Mass:  24.8754  kg 
Volume: 0.0191349 m^3 
Density: 1300  kg/m^3 
Weight: 243.779  N 
Table 19: Model information 
 
 
 
Name: PVC 
Model type: Linear Elastic Isotropic 
Default failure criterion: Max von Mises Stress 
Yield strength: 3.54e+007   N/m^2 
Tensile strength: 4.07e+007  N/m^2 
Compressive strength: 4.25e+007  N/m^2 
Elastic modulus: 2.41e+009  N/m^2 
Poisson's ratio: 0.3825  
Mass density: 1300  kg/m^3 
Shear modulus: 8.667e+008  N/m^2 
Table 20: Material Properties (PVC)  
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Figure 44: Stress Simulation (PVC) 
 
 
 
Type Min (MPa) Max (MPa) 
Von Mises Stress 1.84738e-009 9.78235 
Table 21: Stress Results (PVC) 
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Figure 45: Displacement Simulation (PVC) 
 
 
 
Type Min (mm) Max (mm) 
URES:  
Resultant Displacement 0 55.9601 
Table 22: Displacement Results (PVC) 
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4.3.3  Stress analysis for the leg 
The same steps were followed for the analysis of the leg, setting initially the boundary 
conditions (Figure 46) and then continuing with the stress analysis for each material 
separately.  
 
 
Figure 46: Boundary conditions for the simulation analysis of the leg 
 
In the case of the leg the applied load was specified dividing the total load by 8, which 
corresponds to the number of the chaise lounge’s legs. Thus, the applied load used for 
the analysis is 125 N. 
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4.3.3.1  Study for the Cast Aluminum alloys (Cast Al) material 
 
Treated As Volumetric Properties 
Solid Body Mass:  0.836302  kg 
Volume: 0.000334521  m^3 
Density: 2500  kg/m^3 
Weight: 8.19576  N 
Table 23: Model information 
 
 
 
Name: Cast Aluminum alloys 
Model type: Linear Elastic Isotropic 
Default failure criterion: Max von Mises Stress 
Yield strength: 3.3e+008  N/m^2 
Tensile strength: 3.86e+008  N/m^2 
Compressive strength: 3.3e+008  N/m^2 
Elastic modulus: 8.9e+010  N/m^2 
Poisson's ratio: 0.36  
Mass density: 2500  kg/m^3 
Shear modulus: 3.4e+010 N/m^2 
Table 24: Material Properties (Cast Al) 
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Figure 47: Stress Simulation (Cast Al) 
 
 
 
Type Min (MPa) Max (MPa) 
Von Mises Stress 0.0155791 160.68 
Table 25: Stress Results (Cast Al) 
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Figure 48: Displacement Simulation (Cast Al) 
 
 
 
Type Min (mm) Max (mm) 
URES:  
Resultant Displacement 0 3.52915 
Table 26: Displacement Results (Cast Al) 
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4.3.3.2  Study for the Age-hardening wrought Aluminum alloys (Age-hard) material 
 
Treated As Volumetric Properties 
Solid Body Mass:  0.836302 kg 
Volume: 0.000334521 m^3 
Density: 2500  kg/m^3 
Weight: 8.19576  N 
Table 27: Model information 
 
 
 
Name: Age-hardening wrought Aluminum alloys 
Model type: Linear Elastic Isotropic 
Default failure criterion: Max von Mises Stress 
Yield strength: 6.1e+008  N/m^2 
Tensile strength: 6.2e+008  N/m^2 
Compressive strength: 6.1e+008  N/m^2 
Elastic modulus: 8e+010  N/m^2 
Poisson's ratio: 0.36  
Mass density: 2500  kg/m^3 
Shear modulus: 2.8e+010 N/m^2 
Table 28: Material Properties (Age-hard Al) 
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Figure 49: Stress Simulation (Age-hard Al) 
 
 
 
Type Min (MPa) Max (MPa) 
Von Mises Stress 0.0155791 160.68 
Table 29: Stress Results (Age-hard Al) 
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Figure 50: Displacement Simulation (Cast Al) 
 
 
 
Type Min (mm) Max (mm) 
URES:  
Resultant Displacement 0 3.92618 
Table 30: Displacement Results (Age-hard Al) 
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4.3.3.3  Study for the Non Age-hardening Aluminum alloys (Non Age-hard Al) 
material 
 
Treated As Volumetric Properties 
Solid Body Mass:  0.836302  kg 
Volume: 0.000334521  m^3 
Density: 2500  kg/m^3 
Weight: 8.19576  N 
Table 31: Model information 
 
 
 
Name: Non Age-hardening Aluminum alloys 
Model type: Linear Elastic Isotropic 
Default failure criterion: Max von Mises Stress 
Yield strength: 2.86e+008  N/m^2 
Tensile strength: 3.6e+008  N/m^2 
Compressive strength: 2.86e+008  N/m^2 
Elastic modulus: 7.2e+010  N/m^2 
Poisson's ratio: 0.36  
Mass density: 2500  kg/m^3 
Shear modulus: 2.8e+010  N/m^2 
Table 32: Material Properties (Non Age-hard Al)  
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Figure 51: Stress Simulation (Non Age-hard Al) 
 
 
 
Type Min (MPa) Max (MPa) 
Von Mises Stress 0.0155791 160.68 
Table 33: Stress Results (Non Age-hard Al) 
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Figure 52: Displacement Simulation (Non Age-hard Al) 
 
 
 
Type Min (mm) Max (mm) 
URES:  
Resultant Displacement 0 4.36242 
Table 34: Displacement Results (Non Age-hard Al) 
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4.4  Environmental Impact Assessment 
4.4.1  General overview 
In this last step of the current study, the materials derived from the material selection 
phase along with their corresponding manufacturing processes are evaluated and 
compared regarding their environmental impact during the entire lifecycle of the 
product. The objective of this phase is to finally conclude and select those materials that 
attribute to the design the optimum characteristics both on the aspect of their 
mechanical characteristics as well as their sustainability and eco-friendliness. 
The evaluation of the environmental impact was achieved with the use of the 
Solidworks Sustainability tool, which employs the Life Cycle Assessment (LCA) 
method. The data used in the Sustainability module are based on the GaBi software (PE 
International’s database), which provides access to environmental databases allowing 
the selection of materials and manufacturing processes in the very early stage of the 
design process, enabling the designer to examine alternative scenarios prior to the 
production of the product in order to reduce the ecological impact. For the assessment 
of the environmental impact was chosen the CML (Centrum voor 
Milieuwetenschappen) methodology, developed by the Institute of Environmental 
Sciences at the University of Leiden in the Netherlands, since it’s the most widely-used 
and often considered the most complete methodology. The analysis is conducted in two 
steps. In the first step the software gathers specific environmental impacts of each 
component of the life cycle inventory and in the second step calculates the impact of the 
four environmental indicators (Carbon footprint, Energy consumption, Air acidification, 
Water Eutrophication) presenting the results in pie and bar charts.  
 
4.4.2  Sustainability analysis of the chaise lounge’s components 
For the analysis of the present study the comparison was made assuming that the place 
of production and use is Europe, the mode of transportation is by truck for an average of 
1900 km and the product’s lifetime is 10 years. The manufacturing process selected for 
the production of the frame is injection molding and for the production of the legs is die 
casting. Additionally, in the case of the leg were selected three different types of 
materials out of a wide range that fall into the categories of the cast aluminum alloys 
derived from the material selection phase. The materials selected for the performance of 
the analysis are: a) 201.0-T6, b) 356.0-T6, c) C355.0-T61.  
In the following two subunits (4.4.3 & 4.4.4) are presented the results of the evaluation 
procedure of each material and manufacturing process on the four environmental 
indicators for each component separately. Thereafter, in the next two subunits (4.4.5 & 
4.4.6) are presented in aggregated form comparative bar charts of both the mechanical 
and environmental characteristics of the materials for each component in order to finally 
conclude with the optimal choice.  
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4.4.3  Frame’s materials impact on the Environmental Factors 
 
Figure 53: Impact of the PP frame on the Environmental Factors 
 
 
Figure 54: Impact of the PET frame on the Environmental Factors 
 
 
Figure 55: Impact of the PVC frame on the Environmental Factors 
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4.4.4  Leg’s materials impact on the Environmental Factors 
 
Figure 56: Impact of the 201.0-T6 leg on the Environmental Factors 
 
 
Figure 57: Impact of the 356.0-T6 leg on the Environmental Factors 
 
 
Figure 58: Impact of the C355.0-T61 leg on the Environmental Factors 
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4.4.5  Comparison between the materials for the frame  
 
Figure 59: Yield strength values 
 
 
 
 
 
Figure 60: Weight values 
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Figure 61: Maximum stress vakues 
 
 
 
 
 
Figure 62: Maximum displacement values 
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Figure 63: Comparison of the environmental factors per lifecycle stage  
of the PET frame against the PP frame  
 
 
 
 
 
Figure 64: Comparison of the environmental factors per lifecycle stage  
of the PVC frame against the PP frame 
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4.4.6  Comparison between the materials for the legs  
 
Figure 65: Yield strength values 
 
 
 
 
 
Figure 66: Weight values 
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Figure 67: Maximum stress vakues 
 
 
 
 
 
Figure 68: Maximum displacement values 
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 Figure 69: Comparison of the environmental factors per lifecycle stage  
of the C355.0-T61 leg  against the 356.0-T6 leg  
 
 
 
Figure 70: Comparison of the environmental factors per lifecycle stage  
of the 201.0-T6 frame against the 356.0-T6 leg  
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4.5  Final material selection 
As we can witness comparing the results in the charts, Polypropylene (PP) is the most 
appropriate material for the production of the frame since it meets the mechanical 
requirements of the product and additionally it will lead to a frame with the lowest 
weight and it has the lowest environmental impact. 
As far as the production of the legs is concerned, the three materials present either no or 
very small differences on the aspect of their mechanical characteristics, thus the choice 
was made on the basis of their environmental impact. The material with the lowest 
impact is the Cast Aluminum alloy 356.0-T6 and that was the final selection for the 
production of the legs. 
Below is illustrated a final rendering of the complete assembly of the chaise lounge, 
after the assignment of the selected materials and along with the cushion. It should be 
noticed that for the frame was selected such a colour in order to resemble the texture of 
the wood and thus to give a sense closer to nature. 
 
Figure 71: Final rendering of the Chaise Lounge 
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Chapter 5 - Conclusion 
This study presented a generic methodological framework for the development of a 
product inspired from nature while at the same time optimizing it in terms of 
sustainability and eco-friendliness with the aid of special computerized tools and 
techniques.  
For the validation of this study was developed a garden chaise lounge that imitates the 
form of a scorpion utilizing the Solidworks 3D CAD system for the design of the 
product, the engineering analysis and the environmental impact assessment and the 
CES EduPack database for the selection of the materials.  
The proposed methodology comprises 7 steps (Research conduction, System analysis, 
Problem definition, Design deployment, Material analysis, Engineering analysis, 
Sustainability analysis) with the last three of them being the most critical for the 
production of the product, since they can lead to a number of modifications to its 
dimensions and geometric features and to a number of iterations regarding the final 
three analyses until to finally achieve the desired result. And this is the reason of the 
importance of the aforementioned softwares, which make this procedure fast and 
simple, providing at the same time valid and precise results.  
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